Abstract: AlY coating on 1Cr18Ni9Ti stainless steel was prepared by magnetron sputtering method and some of them were pre-oxidized or vacuum diffusion annealed at 600°C, and the effect of the coating with different treatments on the oxidation behavior of the stainless steel was studied at 1,100°C in air. Results show that the order of the 24-h oxidation mass gain for the specimens is the stainless steel without coating > the stainless steel with coating but without any pre-treatment > the stainless steel with AlY coating after pre-oxidation treatment > the stainless steel with AlY coating after vacuum diffusion annealing. After oxidation, a thick and loose Fe 2 O 3 / Cr 2 O 3 film is formed on the stainless steel without coating, while thinner Fe 2 O 3 /Cr 2 O 3 film is formed on the stainless steel with AlY coating. Compared to the oxidation film formed on the steel with pre-oxidized coating, the one formed on the steel with vacuum diffusion annealed coating is thinner and denser. The rare earth Y and its oxides Y 2 O 3 in the coating produce reactive element effect and improve the ductility/adhesion of the oxide film, which enhances the oxidation resistance of the stainless steel, especially in the vacuum diffusion annealed AlY coating.
Introduction
Austenitic stainless steel has been widely used in nuclear, petrochemical and aerospace industries for its good corrosion and heat resistance [1] [2] [3] . For the service properties of materials, especially those working at high temperatures and harsh environments, high-temperature oxidation has become an important factor to restrict the application of materials. Many researchers have studied the high-temperature oxidation resistance of austenitic stainless steel [4] [5] [6] [7] and found that applying protective coating on the surface of stainless steel can improve its oxidation and corrosion resistance effectively.
Since high-temperature protective coatings were first produced, aluminide coating has attracted the attention by many research institutes and scholars [8] [9] [10] [11] . Numerous studies show that high-temperature oxidation resistance of the coating is affected by many factors. For example, adding a little Al can promote the formation of Cr 2 O 3 on the alloy surface. Al reacts with oxygen, which inhibits oxygen to penetrate into the alloy, and once the oxide film of Al 2 O 3 forms, its slower growth rate can produce more effective protection. Besides aluminide coatings, the Al film has also been studied [12, 13] . Wu et al. [14] sputtered the Al film on NiCrAlY alloy and found that when being cyclically oxidized at 1,200°C the Al film promotes the formation of a continuous and dense α-Al 2 O 3 layer on the surface and improves the oxidation resistance of the alloy. Some scholars have also studied coatings containing rare earths and found that the rare earths can improve the bonding strength between the coatings and substrates and inhibit the diffusion of impurities [15] [16] [17] [18] . Jin et al. [19] sputtered the Ni-0.5Y microcrystalline coating on Ni. The isothermal and cyclic oxidation tests at 1,000°C show that the microcrystalline structure and rare earth Y improve the high-temperature oxidation resistance of the coating.
There are many ways to prepare high-temperature protective coatings. Magnetron sputtering is a simple method and has obvious advantages for the coating compositions are similar to those of the target. By controlling the sputtering parameters, coatings with nanocolumnar crystal structure can be obtained. This kind of coatings has good static oxidation resistance and cyclic oxidation resistance and can significantly improve the spalling resistance, so the voids and harmful phases caused by interdiffusion between the traditional coating and the substrate are avoided [20] .
Aluminum oxide has excellent high-temperature oxidation resistance, corrosion resistance, wear resistance and low cost, and rare earth element Y has active element effect, so the coatings containing Al and Y are expected to have better oxidation resistance. In this study, AlY coating on 1Cr18Ni9Ti stainless steel was prepared by magnetron sputtering method and some of them were pre-oxidized or vacuum diffusion annealed at 600°C. The oxidation behavior of the stainless steel with/without coating at 1,100°C in air was comparatively investigated, and the oxidation mechanism is also discussed.
Experiment
The experimental material is stainless steel 1Cr18Ni9Ti, and the specimens with dimensions of 20 mm Â 8 mm Â 1.5 mm were prepared by wire cutting. After being ground down to 1,000-grit SiC paper, the specimens were cleaned ultrasonically in acetone and dried in air. Target materials for magnetron sputtering are pure Al and Y with purities not less than 99.995 at.%. After the coating was prepared, some of the specimens were vacuum annealed at 600°C for 2 h, while some were pre-oxidized at 600°C for 2 h.
Oxidation tests of stainless steel specimen, AlY coating specimen, pre-oxidized AlY-coated specimen and diffusion-annealed AlY-coated specimen were conducted in air at 1,100°C for 24 h by using Setsys Evo simultaneous thermal analyzer. Afterward, scanning electron microscope (SEM) equipped with an energy-dispersive X-ray spectrometer attachment (energy-dispersive X-ray spectroscopy, EDX) was used to observe the cross-sectional morphologies of the coatings and the oxide scales.
Results
Compositions and cross-sectional morphologies of the coatings Figure 1 shows the EDX pattern and cross-sectional morphology of the AlY coating. It can be seen that the coating is uniform, and the outer and inner sides of the coating are mainly composed of Al and Y, respectively. Figure 2 shows the EDX pattern and cross-sectional morphology of the pre-oxidized AlY coating. After the pre-oxidation treatment, a dense Al 2 O 3 film formed on the surface of the coating. is more concentrated, and the coating is more uniform, continuous and dense.
Oxidation kinetics
The oxidation kinetic curves of the four specimens are shown in Figure 4 . It can be seen that the mass gain of the stainless steel is significantly larger than that of the other three specimens, indicating that the AlY coating improves the oxidation resistance of stainless steel. As for the three specimens with AlY coatings, the pre-treated specimens have less mass gain than that without any pretreatment. Furthermore, as for the two pre-treated specimen with AlY coating, the vacuum diffusion annealed specimen has less mass gain than that of the pre-oxidized one. It can also be seen that after 15-h oxidation, the mass gain rates of the four specimens all decrease, but the specimen without AlY coating also has the largest oxidation rate obviously. It can be concluded that the oxidation resistance of the four specimens has the following sequence: the stainless steel without coating > the stainless steel with coating but without any pre-treatment > the stainless steel with AlY coating after pre-oxidation treatment > the stainless steel with AlY coating after vacuum diffusion annealing.
Microstructure and compositions of the oxide scales Figure 5 shows the cross-sectional morphologies of the specimens after 24-h oxidation, and Table 1 shows the EDX analysis of the points marked in Figure 5 . Figure 5(a) shows the cross-sectional morphology of the stainless steel without AlY coating, indicating that the formed oxide film is loose, the adhesion is poor for there exist cracks (marked with arrow 1), and the total thickness is about 20 μm. According to the EDX analysis about points A and B (see Figure 5 (a) and (referring to the point B) . Figure 5(b) shows the cross-sectional morphology of the stainless steel with AlY coating but without any pretreatment after 24-h oxidation. It can be seen that the thickness of the oxide film is about 10 μm. The adhesion of the oxide scale is improved, but there still exist holes and cracks. The EDX analysis of points C and D is shown in Figure 5(c) shows the cross-sectional morphology of the stainless steel with AlY coating and pre-oxidation after 24-h oxidation. The total thickness of the oxide film is about 6-8 μm, and the number of the holes and cracks in it is obviously decreases, indicating that the adhesion between the oxide film and the substrate is improved. According to the EDX analysis about the points E and F, as listed in Table 1 annealing after 24-h oxidation. The thickness of the oxide scale is smallest of about 5-7 μm, and the adhesion between the oxide film and the substrate is best for the continuous and dense morphology of the oxide scales. The O, Cr and Al element content in the outer layer (referring to the point G) of the oxide film was higher, indicating that the outer layer is mainly composed of Al 2 O 3 and Cr 2 O 3 . The Al element content in the inner layer (referring to the point H) of the oxide film is higher, while of the Cr content is lower, indicating that in the inner layer of the oxide film the content of Al 2 O 3 increases but that of Cr 2 O 3 decreases. The oxide film also forms a certain amount of Y 2 O 3 , which may account for the good adhesion of the oxide scale [21] .
Discussion
During high-temperature oxidation, although Fe 2 O 3 and Cr 2 O 3 oxides form on the surface of stainless steel, as shown in Figure 5 (a), the alloy does not have good oxidation resistance, which is due to the fact that the loose oxide scale has bad adhesion with the substrate and is easy to spall off. When the substrate is re-exposed to air, the oxidation will experience a new accelerated process, which simultaneously accelerates the loss of the beneficial alloying element Cr. Since the Cr mass fraction in the stainless steel is only about 18% (mass fraction), a large amount of Cr is consumed when its oxide is formed at 1,100°C. Once the oxide film spalls off, the alloy, especially the regions near the surface, will lack Cr. As the oxidation goes on, the oxidation resistance of the alloy deteriorates and may finally lose.
Relatively thinner and more uniform Al 2 O 3 film is formed on the AlY-coated specimen after 24-h oxidation (see Figure 5(b) ), which can prevent the diffusion of oxygen to the substrate, so the AlY-coated specimen has better oxidation resistance than the uncoated one. However, there still exist microcracks in the oxide film and the mutual diffusion between oxygen and substrate elements can not be completely restrained, so Cr 2 O 3 , Fe 2 O 3 and other oxides form at the outer layer of the oxide film.
The oxidation resistance of the pre-oxidized AlYcoated specimen is further improved. Compared with the above two specimens, the adhesion between the oxide film and the substrate is better. The oxide film is thin and dense, and the number of microcracks decreases significantly, as shown in Figure 5 (c). The main reason for further enhancement of the oxidation resistance of the specimen lies in the fact that during the pre-oxidation treatment at 600°C, a protective coating of metastable γ-Al 2 O 3 forms on the surface of the coat. The oxidation kinetic curves of the pre-oxidized specimen approximately follow parabolic law (see Figure 4) , which is for the reason that during the following oxidation at 1,100°C, the metastable γ-Al 2 O 3 can be transformed into θ-Al 2 O 3 , which may further be transformed to α-Al 2 O 3 . α-Al 2 O 3 has excellent high-temperature oxidation resistance and composite reinforcement effect of oxide film, so the binding force between the oxide film and the substrate is greatly improved, and thus the oxidation resistance of the preoxidized AlY-coated specimen is improved.
During the vacuum diffusion annealing treatment of AlY-coated stainless steel, mutual diffusion occurs between the coating and the substrate. Some of Al diffuses into the substrate to enhance the Al content there. When O diffuses to the substrate surface, Al diffused here will be preferentially oxidized to form Al 2 O 3 . Meanwhile, O and Cr react to form Cr 2 O 3 . Cr 2 O 3 and Al 2 O 3 on the substrate have a good protective effect, which can prevent further oxidation. Compared with the pre-oxidation treatment, the vacuum diffusion annealing treatment results in more obvious effect on enhancing the oxidation resistance of the coatings, which can be explained as The phase transformation is accompanied with volume contraction and the formation of tensile stress in oxide film, which may lead to the cracking of oxide scales. Thus, the mass gain of pre-oxidized alloy is fast at the primary stage of oxidation. Meanwhile, during the preoxidized treatment, the oxygen will react with Fe and Cr to form oxides, which locate at the outer side of the oxide film and may crack to some extents. On the other hand, the vacuum diffusion annealing treatment does not result in the in-advance oxidation, which decreases the formation of the oxides rich in iron and chromium, so the cracking of oxide scales is inhibited during the subsequent oxidation tests, the oxidation rate is significantly reduced and exhibits a superior oxidation resistance than the pre-oxidized specimen.
The addition of Y in the coatings may result in the oxides segregation at the grain boundaries, which hinders the growth of oxide grains [22] [23] [24] and is beneficial to forming continuous and protective Al 2 O 3 film and finally improving the high-temperature plasticity of oxidation film [25] [26] [27] . The microstructure stability of Cr 2 O 3 oxide film is also closely related with the rare earth Y. The lateral growth of the oxide film is a major reason for the poor adhesion with the substrate. Y 2 O 3 particles are dispersed in the oxide film, which may prevent the outward diffusion of Fe, Cr and Al, so that the growth of the oxide film can only depend on the inward diffusion, and the oxide film grows from outside to inside rather than the lateral growth, and thus the growth stress of the oxide film is reduced and the continuous oxide film with good adhesion is formed.
Conclusions
1. AlY coating improves the oxidation resistance of 1Cr18Ni9Ti stainless steel at 1,100°C in air. Among the three kinds of AlY-coated specimens, the oxidation mass gain of the pre-oxidized AlY-coated specimen is smaller than that of the specimen without any pretreatment, and the oxidation mass gain of vacuum diffusion annealed AlY-coated specimen is further smaller than that of the pre-oxidized specimen. 2. The AlY-coated specimens with pre-treatment have good oxidation resistance, mainly because the γ-Al 2 O 3 film forms on the surface of the pre-oxidized specimen, which is further transformed into a dense α-Al 2 O 3 film during high-temperature oxidation at 1,100°C. Vacuum diffusion annealing treatment makes Al, Y and substrate elements to produce interdiffusion, which increases the binding force of the coating and the substrate. The rare earth element Y and its oxides Y 2 O 3 in the coating produce reactive element effect, which also improve the ductility and the adhesion of the oxide scale and finally improves the oxidation resistance of the stainless steel.
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